Internalization of group A streptococcus by human epithelial cells has been extensively studied during the past 6 years. It is now clear that multiple mechanisms are involved in this process. We have previously demonstrated that the CsrR global regulator controls the internalization of an invasive M type 3 strain through regulation of the has (hyaluronic acid synthesis) operon, as well as another, unknown gene(s). Recently, it was reported that the CsrR-regulated cysteine protease (SpeB) is also involved in bacterial uptake. In this study we have examined the roles of CsrR, hyaluronic acid capsule, and SpeB in streptococcal internalization. We have constructed isogenic mutants of the M3 serotype deficient in the csrR, hasA, and speB genes and tested their ability to be internalized by HEp-2 epithelial cells. Inactivation of csrR abolished internalization, while inactivation of either hasA or speB increased the internalization efficiency. Mutation in csrR derepressed hasA transcription and lowered the activity of SpeB, while no effect on speB transcription was observed. The speB mutant expressed smaller amounts of capsule, while the hasA mutant transcribed more csrR and speB mRNAs. Thus, it seems that complex interactions between CsrR, SpeB, and capsule are involved in modulation of group A streptococcus internalization.
Streptococcus pyogenes (group A streptococcus [GAS] ) is a major human pathogen capable of causing a wide range of infections ranging from mild, superficial pharyngitis and impetigo to severe, invasive myositis, necrotizing fasciitis, and toxic shock-like syndrome (11, 37) . In addition, it is responsible for the poststreptococcal sequelae of acute rheumatic fever and acute glomerulonephritis (31) . The last 15 years have witnessed a worldwide increase in the incidence of severe GAS invasive infections (37) . While, several serotypes have been implicated in severe invasive infections, M1 and M3 are among the most common serotypes isolated (11, 24, 37) .
Although GAS has been considered an extracellular pathogen, several studies have provided evidence that many serotypes are able to enter and persist within human epithelial and endothelial cell lines (16, 21, 26, 30) . Moreover, the presence of intracellular GAS has also been documented, ex vivo, in tonsils of asymptomatic carriers (32) . GAS strains enter epithelial cell lines with variable efficiency. It has been documented that strains derived from invasive infections are internalized poorly, while strains derived from mild pharyngitis are internalized at higher rates (29) . Thus, evasion of internalization might represent an important biological feature associated with GAS virulence.
GAS produces several surface-associated and secreted components that have been implicated in internalization. M protein and hyaluronic acid (HA) capsule are two major virulence factors of GAS that inhibit phagocytosis and enhance virulence in animal models (11) . Both components, as well as several fibronectin-binding proteins, were shown to mediate adhesion of GAS to human epithelial cells (11) . Genetic and immunologic studies revealed that both M type 6 and F1 proteins are also involved in promoting efficient internalization by respiratory epithelial cells (3, 21, 30) . There are contrasting reports regarding the role of HA capsule in GAS internalization. In one study the presence of capsule did not affect internalization (1) , while other studies reported both augmentation (8) and inhibition (17, 20, 35 ; this study) of bacterial entry.
Streptococcal pyrogenic exotoxin B (SpeB) is an extracellular cysteine protease encoded by a chromosomal gene (speB) that exists in all GAS strains (42) . The role of SpeB in internalization is also controversial. Inactivation of speB enhanced the internalization of GAS serotypes M49, M2, and M3 into human umbilical vein endothelial cells and Chinese hamster ovary cells (CHO-K1) (5, 7), while others have reported a decreased internalization rate of a speB mutant of serotype M49 (39) .
Recently, a global two-component regulatory system (csr) that regulates expression of the has (HA synthesis) operon was identified in GAS (4, 28) . Further studies have shown that csr also regulates ska (encoding streptokinase), sagA (encoding streptolysin S), speMF (encoding mitogenic factor), and speB (15, 18) . Therefore, it was suggested that this system be renamed cov (control of virulence factors) (15) .
In a previous study we found that a Tn916 insertion in the putative promoter of csr abolishes internalization of an invasive M3 serotype into epithelial cells (20) . Generation of isogenic mutants deficient in either csrR (the regulatory gene of csr), hasA (the first gene in the HA capsule synthesis operon, encoding hyaluronan synthase) (14) , or both revealed that csrR affects internalization through regulation of both capsule synthesis and other, yet-unknown genes (20) . It has been previously reported that the speB gene is also associated with GAS internalization (39 (15) . Thus, we hypothesized that csrR might modulate GAS internalization by regulating both capsule and SpeB expression. In the present study, we employed various isogenic mutants of an invasive M type 3 serotype strain, deficient in csrR, hasA, speB, csrR and speB, and speB and hasA, to elucidate the role of each of the genes in GAS internalization.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. SP268 is an invasive GAS strain of the M3 serotype (20) . GAS strains were grown overnight in ToddHewitt broth (Difco Laboratories, Detroit, Mich.) supplemented with 0.2% yeast extract (THY) in standing cultures at 37°C, unless otherwise mentioned. Escherichia coli strain DH5␣MCR (Life Technologies, Paisely, United Kingdom) was grown in Luria-Bertani broth with agitation at 37°C and used for cloning purposes. When appropriate, antibiotics were added at the following concentrations: for GAS, streptomycin at 1 mg/ml, erythromycin at 1 g/ml, and kanamycin at 0.5 mg/ml; for E. coli, erythromycin at 0.5 mg/ml and kanamycin at 25 g/ml. Plasmid pJRS233 (kindly provided by J. Scott, Emory University, Atlanta, Ga.) is a temperature-sensitive E. coli gram-positive shuttle vector that replicates in grampositive bacteria at 30°C but not at 37°C. Plasmid pBR322 carrying the aphA3 gene was kindly provided by M. Caparon (Washington University, St. Louis, Mo.).
DNA techniques. Purification of GAS chromosomal DNA and transformation of GAS with plasmid DNA by electroporation were performed as previously described (6) . Restriction enzymes, T4 DNA ligase, and Taq polymerase were used according to the instructions of the manufacturer (Fermentas Inc., Hanover, Md.). Purification of plasmids and of PCR-amplified fragments was performed using a Plasmid Midi kit (Qiagen Inc., Santa Clarita, Calif.) and a High Pure PCR product purification kit (Boehringer Mannheim, Indianapolis, Ind.), respectively.
Construction of hasA, speB, csrR speB, and speB hasA isogenic mutants. Insertional inactivation of hasA was performed as illustrated in Fig. 1 . An internal 870-bp DNA fragment of hasA was amplified from SP268 chromosomal DNA using primers phasAF and phasAR ( Table 1 ). The PCR conditions used were as follows: 94°C for 3 min, followed by 32 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 45 s, and extension at 72°C for 1 min. The amplified fragment was cut with HindIII and PstI, and the resulting hasA fragment was ligated to pJRS233 cut with the same enzymes. The hasA DNA fragment contains an EcoRV site located 87 bp downstream from its 5Ј end. Plasmid pBR322 carrying the aphA3 gene was cut with SmaI to release the aphA3 gene. The aphA3 gene was then ligated to EcoRV-cut pJRS233/hasA to form plasmid pJRS233/hasA::aphA3. The plasmid was introduced into strain SP268 by electroporation, and transformants were selected on THY agar plates containing erythromycin and kanamycin at 30°C. Following a temperature shift to 39°C (nonpermissive temperature), nonmucoid integrants were selected on THY agar plates containing erythromycin and kanamycin. To achieve allelic replacement of the native hasA gene with the insertionally inactivated one (hasA::aphA3), integrants were serially passaged in THY broth containing kanamycin at the permissive temperature of 30°C. Insertionally inactivated hasA mutants (SP268 hasA) were selected by their capacity to grow on THY plates containing kanamycin but not erythromycin. Allelic replacement was verified by PCR amplification of the bacterial chromosome with phasAF and phasAR primers and sequence analysis of the amplified DNA fragment.
For inactivation of speB gene, we PCR amplified a 1,115-bp chromosomal internal fragment by using the pspeBF and pspeBR primers under the following conditions: 94°C for 3 min, followed by 34 cycles of denaturation at 94°C for 45 s, annealing at 55°C for 1 min, and extension at 72°C for 1 min. The amplified DNA fragment was cut with HindIII and PstI, and the 662-bp fragment was cloned into pJRS233. The recombinant plasmid pJRS233/speB was then introduced into strains SP268, SP268 ⌬csr (20) , and SP268 hasA by electroporation. Transformants and integrants were selected, essentially, as described previously, except that only erythromycin was used to select the SP268 hasA integrant mutant. To verify integration of the recombinant plasmid pJRS233/speB into the chromosomes of the various strains, chromosomal DNA of each integrant was subjected to PCR using the pUC18 universal primer (site located near the cloning site of pJRS233) (Table 1 ) and the pspeBR primer (site located on the GAS chromosome). The SP268 mutants deficient in speB, speB and csrR, and speB and hasA were designated SP268 speB, SP268 speB csrR, and SP268 speB hasA, respectively.
Protease assay. Protease activity was detected qualitatively by growing GAS on Trypticase soy agar plates supplemented with 3% skim milk (Sigma, St. Louis, Mo.). The appearance of a clear zone around a colony after incubation for 24 h at 37°C indicated casein hydrolysis. The quantitative azocasein assay was performed as described by Tsai et al. (39) . Briefly, 200 l of 18-h-growth supernatant of GAS was added to 400 l of a prewarmed reaction mixture (2.7 mg of azocasein [ICN Biochemicals Inc., Costa Mesa, Calif.] per ml in 50 mM Tris-HCl [pH 8]), and the mixture was incubated at 37°C for 20 min. The reaction was stopped by addition of 100 l of 15% ice-cold trichloroacetic acid and holding on ice for 15 min. After centrifugation, an equal volume of 0.5 M NaOH was added to the supernatant and the absorbance was measured at 450 nm.
HA determination. GAS was grown to early logarithmic phase (optical density at 600 nm of 0.15), and the HA capsule was extracted and quantified as described previously (20) by the Stain-All method (35) . HA from Streptococcus zooepidermicus (General Biotechnology, Rehovot, Israel) was used as a standard.
Internalization assay. Internalization of GAS into HEp-2 epithelial cells was tested as previously described (21) . Briefly, HEp-2 cells were grown in Dulbecco modified Eagle medium in a 24-well plate, and the confluent monolayer was infected with Ϸ10
6 CFU of an overnight GAS culture per well for 2 h at 37°C. Nonattached bacteria were washed with warm Dulbecco modified Eagle medium, and the cell monolayer was incubated with fresh medium containing gentamicin (100 g/ml) and penicillin (5 g/ml) for an additional 2 h to kill extracellular adherent bacteria. HEp-2 cells were then washed to remove the antibiotics and lysed with ice-cold water. Serial dilutions of the lysate were spread on Trypticase soy agar plates, and the CFU of the surviving intracellular bacteria grown at 37°C for 24 to 48 h were counted. Each experiment was repeated three to four times, and results from a representative experiment are shown. In some experiments GAS strains were grown in the presence of 10 M cysteine protease inhibitor E64 (Sigma) or incubated with the inhibitor for 1 h at 37°C prior to infection. In these experiments E64 was present throughout the 2-h infection period. To check for possible multiplication of GAS during the infection period, the CFU were also determined at 2 h postinfection. No significant variations were noted (data not shown). The internalization efficiency was calculated by dividing the number of CFU that survived antibiotic treatment by the number of CFU at 2 h postinfection. Data are presented as relative internalization (percent), where the internalization of the parent strain (SP268) is referred to as 100%.
RNA hybridization analysis. Strains were grown in 10 ml of THY broth to mid-log phase (optical density at 600 nm of 0.6) and to stationary phase (18 h). Three milliliters of bacterial culture was centrifuged, and the pellets were immediately frozen in a dry ice-acetone solution. The pellets were thawed on ice and resuspended in 100 l of Tris-HCl (pH 8). Five microliters of 10% sodium dodecyl sulfate-Tween lysing solution (1 ml of Tween 20, 2.5 ml of 1 M Tris-HCl, 12.5 ml of 0.2 M EDTA, and 34 ml of double-distilled water) was added, mixed, and incubated at 65°C for 15 min to lyse the bacteria. Total RNA was purified following the addition of 1 ml of TRI reagent (Molecular Research Center, Inc., Cincinnati, Ohio) as recommended by the manufacturer. DNA probes were generated by PCR amplification of internal DNA fragments derived from hasA and speB (Table 1) . The csrR probe (1,095 bp) was amplified from the SP268 chromosome with primers JL2F and JL20R (Table 1) . The housekeeping gene rspL served as an internal control to assess the amounts of total mRNA in the various samples, as described before (15) . Amplification of the rspL probe was achieved using the prspLF and prspLR primers (Table 1) . DNA probes were labeled with [␣-32 P]dCTP by using the Klenow fragment with the Rediprime DNA labeling system I (Amersham-Pharmacia Biotech Inc., Piscataway, N.J.) according to the manufacturer's instructions.
For Northern blot hybridization, 5 g of total RNA was loaded and run on a formaldehyde gel as described previously (34) . The gel was rinsed twice with 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at room temperature and transferred to Hybond-N (Amersham-Pharmacia) membranes by capillary action using the same solution. RNA was cross-linked to the membranes by UV and prehybridized for 1 h with Rapid hybridization solution (Amersham-Pharmacia) at 42°C. Hybridization was carried out at 57°C for 2 h. Finally, the blots were washed twice with 2ϫ SSC containing 0.1% sodium dodecyl sulfate for 20 min at 42°C and exposed to Kodak X-Omat AR film. To assess the changes in mRNA quantity, the radioactive intensities of the hybridized bands were quantified using Kodak one-dimensional image analysis software (Eastman Kodak Co., Rochester, N.Y.) and compared to the fluorescence intensity of the 23S rRNA in each lane. The intensities of the hasA-and csrR-hybridized bands, in the log phase, were also compared to the intensity of the rpsL-hybridized (control) band in each lane. The two quantification methods yielded similar results.
Nucleotide sequence accession number. The sequence of the internal speB fragment of SP268 has been deposited in GenBank under accession no. AY035886.
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RESULTS
Quantification of HA capsule in SP268 and its isogenic mutants. In order to confirm the expected phenotype of each mutant (SP268 hasA, SP268 speB hasA, SP268 csrR, and SP268 csrR speB), the amounts of HA in the parent strain and in each of the mutants were determined ( Table 2) . As expected, the csrR mutants SP268 csrR and SP268 csrR speB produced the largest amounts of HA. Interestingly, the speB-deficient mutant SP268 speB produced less HA capsule than the parent strain. Consistent with this finding, the double mutant SP268 csrR speB produced approximately 4 times less HA capsule than SP268 csrR. These findings suggest that the presence of SpeB is essential for maximal expression of the HA capsule.
Characterization of cysteine protease activity in SP268 and its isogenic mutants. To verify the lack of protease activity in speB mutants, all strains were tested by the azocasein assay   FIG. 1 . Construction of hasA mutant. An internal fragment of hasA was amplified using primers phasAF and phasAR (Table 1) and digested with HindIII and PstI. The resulting fragment was cloned into pJRS233 previously cleaved with the same enzymes to generate plasmid pJRS233/hasA. A SmaI-aphA3 fragment was cloned into the EcoRV site of pJRS233/hasA. The resulting plasmid, pJRS233/hasA::aphA3, was introduced into strain SP268 by electroporation, and allelic replacement of the wild-type hasA allele was achieved by homologous recombination.
( Table 2 ). Interestingly, inactivation of csrR reduced protease activity in strain SP268 csrR by 62% compared to the parent strain. In contrast, inactivation of hasA increased cysteine protease activity in strain SP268 hasA by 100% (Table 2 ). These results suggest that the presence of capsule might interfere with SpeB activity. To test this possibility, strains SP268 and SP268 csrR were grown in the presence of hyaluronidase and the protease activity was determined. While hyaluronidase completely degraded HA (data not shown), it did not affect protease activity (Table 2 ). These results suggest that the presence of cell-associated HA capsule is not involved in the inhibition of protease activity. To verify that the protease activity measured was indeed due to cysteine protease activity, the effect of the specific cysteine protease inhibitor E64 on the protease activity was tested. It was found that E64 completely inhibited the protease activity (data not shown).
Transcription of csrR, hasA, and speB in the various mutants. To examine possible interactions between csrR, speB, and hasA at the transcriptional level, total RNA from each strain was isolated from mid-log-phase as well as from stationary-phase bacteria and used for Northern blot analysis. In agreement with previous studies, csrR mRNA was detected during both growth phases (15) , whereas hasA and speB mRNAs were detected only in log phase (9, 15, 40) and stationary phase (40) , respectively (Fig. 2) . Analysis of hasA transcript levels in the different mutants revealed that the SP268 csrR mutant produced threefold more hasA mRNA than the parent strain ( Fig. 2; Table 3 ). The hasA transcript levels in the wild type and the SP268 speB mutant were similar. Likewise, the hasA transcript levels in strains SP268 csrR speB and SP268 csrR were similar. These results suggest that speB is not involved in the transcriptional regulation of the hasA gene. Analysis of the speB transcript level revealed that the parent strain and the SP268 csrR mutant produced similar amounts of speB mRNA ( Fig. 2; Table 3 ). However, the SP268 hasA mutant produced 53% more speB mRNA than the parent strain did. Interestingly, inactivation of hasA also resulted in 26 and 50% increases in the levels of csrR mRNA at the log and stationary phases of growth, respectively ( Fig. 2; Table 3 ). These results suggest that CsrR is not involved in transcriptional regulation of speB. However, inactivation of hasA transcription augmented the transcription of both the csrR and speB genes.
Effect of CsrR, HA capsule, and cysteine protease on internalization. In a previous study we have found that inactivation of csrR decreased the internalization efficiency of strain SP268 by 330-fold. The effect was associated mainly with overexpression of HA capsule. However, inactivation of both csrR and hasA resulted in a lower internalization rate than in the hasA mutant (20) , suggesting that CsrR affects internalization by regulating an additional gene(s) (20) . Since CsrR was reported to repress transcription of speB (18) , it was possible that CsrR affects internalization by down-regulating SpeB expression. To test this possibility, we examined the internalization efficiencies of the hasA-, speB-, csrR-, hasA-and speB-, and csrR-and speB-deficient mutants (Fig. 3) . Both csrR mutants, SP268 csrR and SP268 csrR speB were internalized poorly by HEp-2 cells. However, inactivation of hasA, speB, or both significantly increased the internalization capacities of the SP268 hasA, SP268 speB, and SP268 speB hasA mutants, by 13.6-, 7.6-, and 4.7-fold compared to the parent strain, respectively (Fig. 3) . It is possible that the mutants might affect the integrity of the epithelial cell membranes, either from outside or from inside the cells, thereby affecting the internalization results due to cell death or to a change in antibiotic permeability. To exclude this possibility, we have determined membrane integrity and cell death by the trypan blue exclusion assay. At 2 and 4 h postinfection, HEp-2 cells infected with SP268 were stained with trypan blue (0.25% [wt/vol] in phosphate-buffered saline). It was found that only 10% (Ϯ2%) of the cells were stained, suggesting that the membranes of these cells were damaged. Similar data were obtained for cells infected with the various isogenic mutants (data not shown), indicating that none of the tested strains exerted a unique cytotoxic effect upon HEp-2 cells under the experimental conditions used in this study.
Effect of E64 on internalization. The finding that mutation in speB resulted in substantial augmentation of GAS internalization might imply that the cysteine protease activity of SpeB might have a role in GAS internalization. SpeB has been found (2) . Therefore, SpeB could potentially affect internalization by cleaving surface proteins of either GAS or HEp-2 cells and, consequently, could affect bacterial entry into mammalian cells. To test this hypothesis, we examined the internalization efficiency of the parent strain (SP268) and the SpeB mutant (SP268 speB) in the presence of cysteine protease inhibitor (E64). As shown in Table 4 , preincubation of E64 for 1 h with GAS had no effect on the internalization efficiency of the parent strain. However, incubation of E64 during bacterial growth (18 h) increased the internalization rate by 2.6-fold. Still, the elevated internalization capacity was significantly lower than that of the SP268 speB mutant (Fig. 3) . In control experiments, E64 was found to have no effect on the viability of GAS during the various incubation periods (data not shown). Sequence analysis of speB. It has been reported that most GAS strains associated with severe invasive infections express a SpeB variant that binds integrins through an RGD motif (38) . It was suggested that SpeB might directly participate in processes leading to internalization. To test whether the speB allele in strain SP268 contains the RGD motif, the internal speB fragment was amplified by PCR with primers pspeBF and pspeBR. The resulting DNA fragment was sequenced by multiple reactions using both strands as templates. The putative amino acid sequence was found to carry an RSD motif (Fig. 4) , which is characteristic of the speB1 and speB3 alleles (38) .
DISCUSSION
In a previous study we have shown that the two-component regulatory system csr modulates the internalization of strain SP268 by controlling capsule synthesis as well as by regulating an additional, unknown, gene(s) (20) . In this study we further characterized the involvement of csr in the uptake of strain SP268 by HEp-2 cells. Recent studies demonstrated that CsrR is a global negative regulator that represses, in addition to the has operon (4, 28), the transcription of ska, sagA, and speMF (15) and of speB (18) . It is possible that one or more of these genes might also be involved in the internalization process. Indeed, the speB gene was found to affect GAS entry into epithelial cells, although different studies have reported contrasting outcomes (5, 7, 39) . To address the possibility that CsrR affects internalization by regulating both capsule and SpeB expression, we constructed isogenic mutants of strain SP268 deficient in hasA, csrR, speB, csrR and speB, and speB and hasA and examined their internalization capacities.
In accordance with our previous results (20) , inactivation of csrR abolished the internalization, while inactivation of hasA significantly augmented the entry of strain SP268 into HEp-2 cells (Fig. 3) . The csrR-deficient mutant transcribed more hasA mRNA than the parent strain and consequently expressed excessive amounts of HA capsule ( Fig. 2; Table 3 ). This finding Fig. 2 . Ratios of the band intensities of the hybridized csrR, hasA, and speB mRNA transcripts to the band intensities of the corresponding 23S rRNAs in SP268 and its isogenic mutants are shown. Band intensity was determined using Kodak one-dimensional image analysis software.
is in agreement with previous reports regarding the effect of csrR on HA synthesis (4, 15, 18, 20, 28) . The internalization efficiency of the unencapsulated mutant was increased by more than one order of magnitude compared to that of the parent strain. Several studies have shown that the HA capsule impedes GAS adhesion (12, 17, 20) as well as internalization in various cell models (17, 20, 23, 35) . The inhibitory effect of HA capsule was attributed to masking of bacterial surface molecules required for interactions with host cells (23, 35) . Nonetheless, a recent study has shown that HA might also act as an adhesin that mediates attachment of GAS to human keratinocytes, through interaction with the mammalian HA receptor, CD44 (36) .
Inactivation of the speB gene resulted in a substantial increase (sevenfold) in the internalization efficiency (Fig. 3) , suggesting that intact SpeB directly or indirectly represses GAS internalization. The inhibitory effect, however, was much lower in a genetic background devoid of csrR (csrR speB). Our findings are consistent with those of Burns et al. (5) and Chaussee et al. (7) and support the hypothesis that csrR modulates internalization not only by regulating has transcription but also by modulating SpeB expression.
Inactivation of the speB gene caused significant decreases in the amounts of HA of both the parent strain and the csrR mutant (Table 2 ). This finding might explain, at least partially, the effect of speB mutation on GAS internalization. However, the finding that the double mutant deficient in both the hasA and speB genes was internalized by HEp-2 cells less efficiently than the hasA mutant suggests that SpeB affects internalization via multiple mechanisms.
SpeB seems to have a major role in GAS virulence. Studies employing various murine models have revealed that the SpeB protease is responsible for inhibition of phagocytosis, dissemination in organs, tissue injury, and death (11) . SpeB might also contribute to virulence due to its wide spectrum of biological functions. It degrades human vitronectin, cleaves fibronectin, releases active kinins from kininogen, and activates human interleukin 1␤ and a 66-kDa human matrix metalloprotease (11) and induces apoptosis (25) . Furthermore, it has been reported that SpeB could cleave several bacterial surface proteins, including M1 protein (2), which is known to promote GAS internalization (10, 13) . Thus, SpeB might affect GAS internalization by processing both GAS and epithelial surface proteins required for this process. Indeed, Chaussee et al. (7) have reported that inactivation of SpeB specifically enhanced fibronectin-mediated internalization of strain NZ131 (M49) into CHO-K1 cells. In concurrence with this theory, we found that a cysteine protease inhibitor substantially increased GAS internalization (Table 4 ). Thus, it is possible that SpeB affects internalization by processing GAS proteins which are required for bacterial uptake. A possible target for SpeB activity might be the M3 protein, which was shown to be involved in GAS entry into HEp-2 cells (3). However, inhibition of cysteine protease activity did not increase the internalization efficiency of the parent strain to that of the speB mutant (Table 4) . Hence, SpeB apparently possesses additional activities that affect internalization. It has been reported that most GAS strains associated with severe invasive infections carry the speB2 allele, which encodes an RGD motif (38) . Thus, it is possible that SpeB2 also acts as an adhesin that binds integrin receptors expressed on the host's epithelial cells. However, sequence analysis revealed that strain SP268 carries an RSD and not an RGD motif, followed by alanine in position 317 (Fig. 4) , which is characteristic of the speB1 allele (38) .
Interestingly, inactivation of speB in a hasA background has resulted in decreased internalization efficiency (Fig. 3) . This effect is reminiscent of the result reported by Tsai et al. regarding a speB mutant of strain NZ131 (39). Thus, it is possible that the contrasting results obtained in the various studies (5, 7, 39 ; this study) pertain to variations in the amount of HA expressed by each strain, in addition to other strain-and cell line-specific factors.
Interactions between SpeB and HA in several GAS serotypes have recently been reported (27, 33, 41) . Woischnik et al. (41) have demonstrated that inactivation of speB caused a serotype-dependent decrease in HA expression. Although both speB-inactivated serotypes (M3 and M49) transcribed less has mRNA, the amount of HA decreased only in the M3 serotype (41). Leonard et al. (27) found that small-colony variants of an M49 serotype, produced during prolonged incubation at stationary phase, transcribed less has and speB mRNAs than typical large colonies. In contrast, Raeder et al. (33) found that large-colony variants of an M64 serotype produced large amounts of HA but lacked SpeB activity. In our study, lower expression of HA in the speB mutants was not associated with down-regulation of hasA transcripts (Table 3) , and the link between capsule expression and SpeB remains unclear.
Inactivation of hasA caused a significant increase in SpeB protease activity (100%) ( Table 2 ), due to up-regulation of speB transcription (Table 3) . This is in agreement with the results of Woischnik et al., who found that has mutants of an M3 serotype secreted 20 to 30% more SpeB than the parent strain (41) . Augmentation of SpeB activity could not be related to the presence of capsule, because exogenous hyaluronidase did not affect SpeB expression (Table 2) . Since HA and SpeB are expressed at different stages of growth (9, 15, 40) , a direct influence of one molecule on the other seems unlikely. Therefore, the mechanism underlying the interactions between the two genes remains unclear.
The complex interactions between the csrR, hasA, and speB genes in strain SP268 and their effects upon GAS internalization are summarized in Fig. 5 . The global regulator CsrR controls capsule expression by repressing hasA transcription. It also enhances SpeB activity, by an unknown mechanism, at a posttranscriptional level. On the other hand, hasA negatively controls transcription of both the csrR and speB genes, while an intact SpeB is required for capsule expression. Finally, expression of either capsule or SpeB inhibits the internalization capacity of strain SP268. Thus, the internalization capacity of this strain seems to reflect a temporal virulence phenotype, with the highest internalization rate presented by the avirulent phenotype. This finding is in agreement with the notion that eva- FIG. 5 . A simplified model depicting the relationship between csr, has, speB, and GAS internalization. Dashed lines represent negative regulation. Solid lines represent positive regulation. The line with dashes and dots represents inhibition. The dotted line represents activation by phosphorylation. P, phosphate. CsrR is a response regulator that becomes activated upon phosphorylation (5) . Activation of CsrR results in negative regulation of has operon transcription and positive regulation of speB activity at the log and stationary phases of growth, respectively. Expression of has represses transcription of the csrR and speB genes, while expression of speB augments the amount of cell wall-associated HA. Expression of each of the virulence factors, HA or SpeB, negatively affects GAS internalization. A question mark indicates that the mechanism underlying the interaction is not clear. sion of internalization might represent an important biological feature of virulent GAS strains (35) .
